Branch enclosure based emission rates of monoterpenes and sesquiterpenes from four Scots pines (Pinus sylvestris) and one Norway spruce (Picea abies), as well as the ambient mixing ratios of monoterpenes were determined during the HUMPPA-COPEC 2010 summer campaign. Differences in chemical composition and in emis-5 sion strength were observed between the different trees, which confirmed that they represented different chemotypes. The chemotypes of Scots pine can be classified according to species with high, no and intermediate content of ∆-3-carene. The "non-∆-3-carene" chemotype was found to be the strongest emitter of monoterpenes. From this chemotype, β-myrcene, a very reactive monoterpene, was the dominant species 10 accounting for more than 32 % of the total emission rates of isoprenoids followed by β-phellandrene (∼27 %). Myrcene fluxes ranged from 0.8 to 24 µg g
sion strength were observed between the different trees, which confirmed that they represented different chemotypes. The chemotypes of Scots pine can be classified according to species with high, no and intermediate content of ∆-3-carene. The "non-∆-3-carene" chemotype was found to be the strongest emitter of monoterpenes. From this chemotype, β-myrcene, a very reactive monoterpene, was the dominant species 10 accounting for more than 32 % of the total emission rates of isoprenoids followed by β-phellandrene (∼27 %). Myrcene fluxes ranged from 0.8 to 24 µg g −1 (dw) h −1 . α-Farnesene was the dominant sesquiterpene species, with average emission rates of 318 ng g −1 (dw) h −1 . In the high ∆-3-carene chemotype, more than 48 % of the total monoterpene emission was ∆-3-carene. The average ∆-3-carene emission rate, circa 15 609 ng g −1 (dw) h −1 reported here is consistent with the previously reported summer season value. The monoterpene emissions from spruce were dominated by limonene (35 %), β-phellandrene (15 %), α-pinene (14 %) and eucalyptol (9 %). Total spruce monoterpene emissions ranged from 0.55 up to 12.2 µg g −1 (dw) h −1 . Overall the total terpene flux (monoterpenes + sesquiterpenes) from all studied tree species varied 20 from 230 ng g −1 (dw) h −1 up to 66 µg g −1 (dw) h −1 . Total ambient monoterpenes (including α-pinene, ∆-3-carene, β-pinene and β-myrcene) measured during the campaign varied in mixing ratio from a few pptv to over one ppbv. The most abundant biogenic VOCs measured above the canopy were α-pinene and ∆-3-carene, and these two compounds together contributed more than 50 % of the total monoterpenes. The ambient 25 data reflect the emission rate, atmospheric reactivity and tree type abundance. The diel cycles of isoprenoid mixing ratios showed high levels during the night-time which is consistent with continued low nocturnal emission and a low and stable boundary layer. The
Introduction
Biogenic Volatile Organic Compounds (BVOCs) are important constituents of the troposphere. They may influence the global oxidation capacity through reaction with OH and O 3 (Atkinson and Arey, 2003; Kaplan et al., 2006) , and can affect the global radi-10 ation balance as their oxidation products lead to aerosol formation and growth (Claeys et al., 2004; Kulmala et al., 2004; Tunved et al., 2006) . Boreal forests are a strong source of BVOCs and consequently the coniferous trees that make up much of this ecosystem have been under intensive study for several decades. These coniferous trees are known to emit significant quantities of reactive organic trace gases (e.g., Introduction
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Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | Scots pine (Pinus sylvestris L.) is one of the most common tree species in the boreal forests of Northern Europe. Its monoterpene emissions have been intensively studied over the past decade (Janson, 1993; Rinne et al., 1999 Rinne et al., , 2000 Staudt et al., 2000; Janson and de Serves, 2001; Komenda and Koppmann, 2002) . Lindfors et al. (2000) and Lindfors and Laurila (2000) published the first emission inventories for North Euro-5 pean forests. Scots pine and Norway spruce (Picea abies L.) emit monoterpenes both as a function of temperature and as a function of light (Ghirardo et al., 2010 and references therein) , the latter emission being made de novo when tree is sunlit. Species like aspen (Populus tremula L.) and Norway spruce also emit large amounts of isoprene (Janson and de Serves, 2001; Hakola et al., 2000) again as a function of light. It should 10 be noted that in the boreal summer daylight extends for circa 18 h (∼ 04:00-23:00).
Most of the branch scale emission studies have focused on short-term emissions of monoterpenes (Janson, 1993; Janson et al., 2001; Rinne et al., 1999 Rinne et al., , 2000 Komenda and Koppmann, 2002) or on the seasonal variations (Hakola et al., 2006) from Scots pine. In several studies of Scots pine, ∆-3-carene was identified as the major terpene 15 making up more than 60 % of the emissions measured. α-and β-pinene and a suite of other mono-and sesquiterpenes were present at moderate or low contents.
It has been established previously that native Scots pine populations have high intraspecific genetic variation reflected in their monoterpene emission blend. Trees of the same species but with distinctly different chemical emission distributions are termed 20 chemotypes. Such chemotypes have been examined and identified, mostly from emission analysis of the detached shoot or other organs of the plant (e.g., Thoss et al., 2007; Bäck et al., 2012) .
Our aim was to compare mono-and sesquiterpene emissions from four Scots pine trees and one Norway spruce tree under field conditions during a mid-summer period, Introduction
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Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | for Scots pines was made in vivo, with minor disturbance to the plant functioning by using branch enclosures under field conditions In addition to direct characterization of isoprenoids from branch enclosures, in-situ measurements were also performed to determine diel cycles of monoterpene mixing ratios above the forest canopy. This enabled the comparisons between variations in 5 the ambient concentrations and the enantiomeric ratios with emissions directly from specific tree sources.
Experimental

Brief description of the campaign
The HUMPPA-COPEC 2010 (Hyytiälä United Measurement of Photochemistry and Particles in Air -Comprehensive Organic Particle and Environmental Chemistry) campaign was focused on comprehensively characterizing the atmospheric physics and chemistry over a Boreal forest site in summertime . The measurements took place from 12 July to 12 August 2010 at the Boreal forest field station, SMEAR II (Station for Measuring Forest Ecosystem -Atmosphere Relations) in 15 Hyytiälä, Southern Finland (61
• 51 N; Longitude 24
• 17 E, 181 m a.s.l.). As a part of the study SPME-GC-MSD and online TD-GC-MSD systems described below were used to characterize the enantiomeric and non-enantiomeric isoprenoids from direct plant emission and in ambient air 2 m above the forest canopy, respectively.
Plant enclosure experiments
20
The isoprenoid emission rates were measured from four different Scots pines (Pinus sylvestris) and a single Norway spruce (Picea abies). These tree species are the most abundant coniferous trees surrounding the SMEAR II measurement station located in the south Finland Boreal forest. The forest site is described in detail in Ilvesniemi et al. (2009) . The emission rates were measured hourly over a full diel cycle. Introduction 
Plant species and branch enclosure system
The trees measured in this study were growing in a natural 50 yr old forest environment, in which the tree height was between 14-22 m. The samples were collected from Teflon branch cuvette enclosures set at a height of about 13 m on four branches belonging to four different chemotypes of Pinus sylvestris L. (Scots pine) and one branch from Picea abies (Norway spruce). Emission rates were determined using a dynamic flow-through technique as described in Hakola et al. (2006) . The cylindrical Teflon enclosures (4.5 l volume) were equipped with inlet and outlet ports, as well as an internal thermometer. The cover of the enclosures was made of transparent Teflon film. The photosynthetically active 10 photon flux density (PPFD) was measured just above the enclosure. The flow through the enclosure was about 4 l per minute. Ozone was removed from the inlet air using MnO 2 -coated copper filter (Pollmann et al., 2005) .
The summertime temperatures measured at the site during the campaign period (July-August 2010) were anomalously high (T max = 37.2, T min = 10.1, T ave = 20.0
• C), 15 .
SPME sampling and GC-MSD analysis
During the HUMPPA-COPEC 2010 campaign a recently developed method based on sampling with solid-phase microextraction and analysis with gas chromatography/mass spectrometry was used to quantify isoprenoids (Yassaa et al., 2010) . Briefly, the air from 20 the plant cuvette enclosure was continuously flushed through a SPME sampling chamber consisting of a 5 l glass compartment fitted with a small septum (Sigma-Aldrich, Supelco, Germany) in the middle and two 0.64 cm (1/4 inch) glass ports (inlet and outlet) connected to Teflon stopcocks. After an initial flushing period (minimum time 60 min) of the sampling chamber, the stopcocks were closed isolating the collected air. the equilibrated air for 20 min. After SPME sampling, the system was again set to flush by re-opening the two stopcocks. Immediately after SPME sampling, the SPME needle was introduced into the split/splitless injector of the gas chromatograph. A glass inlet liner with a narrow internal diameter (0.75 mm I.D., Supelco) was used in order to improve the GC resolution 5 and the peak shape. Desorption was achieved in splitless mode at 250
• C for 5 min.
These settings were found to be sufficient for a quantitative desorption of all analytes studied. This was established by subjecting the analysed fibre to a second desorption and observing no carry-over peaks. The DVB-PDMS response was calibrated under the same conditions in the glass SPME sampling chamber using a certified calibration 10 gas (National Physical Laboratory, Teddington Middlesex, UK). The analysis was conducted using the procedure described by Williams (2005, 2007) . Briefly, samples were separated and detected using a gas chromatograph (Agilent Technologies a GC 6890A) coupled to a mass-selective detector (Agilent Technologies MSD 5973 inert). The MS system was operated in electron im- Scientific (Folsom, CA, USA). The internal coating was composed of a permethylated β-cyclodextrin dissolved into a cyanopropyl-dimethyl polysiloxane liquid. At a constant helium carrier gas (Messer Griesheim 6.0) flow rate of 1 ml min −1 , the column temperature was maintained at 40
• C for 5 min, then increased to 180
• C at 1.5
• C min −1 as previously established by Yassaa et al. (2001) .
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To determine the terpenoid emission rates from each plant shoot, air samples were collected onto SPME fibre from both the inlet and outlet ports of the cuvette enclosure. The emission rate (E ) was determined as the mass of compound per needle dry weight Introduction 
where C 2 and C 1 were the concentrations (µg l −1 ) in the outgoing air and in the inlet air, respectively, and F was the flow rate (l s −1 ) into the enclosure. The dry weight (g) of the biomass (m) was determined by drying the needles at 75
• C until consistent weight 5 was achieved.
Ambient mixing ratio measurements
An online thermal desorption gas chromatograph-mass spectrometer (TD-GC-MS) instrument was used to measure ambient mixing ratios of monoterpenes from a sampling inlet line installed on the top of the HUMPPA tower (24 m Blanks were conducted by flowing helium 6.0 (Messer-Griesheim, Germany) onto the cold trap under the same conditions as for ambient air. Blanks were taken 7 times during the campaign and they showed no significant levels of the compounds discussed. Calibration was performed every 6-7 samples using a 16 compound VOC cer-20 tified standard (NPL, UK) which included the separate enantiomers of several species in the range of 2 ppbv. Laboratory multipoint calibrations were completed prior to the campaign and revealed a good linear dependency of peak area to the respective compound concentration. 
Results and discussion
During the HUMPPA-COPEC campaign, key BVOC trace gases (isoprenoids) were determined both as direct emissions from the two main boreal forest tree species using branch enclosures, and in ambient air through hourly measurements using TD-GC-MS. By comparing the direct emissions with the photochemically processed ambient 5 air we clarify how the tree species involved influence the chemical composition of the atmosphere over the boreal forest. Furthermore, we were able to determine whether enantiomeric distributions of chiral compounds measured in ambient air correspond to the direct emission of Norway spruce and the four chemotypes of Scots pine. Table 1 reports the minimum, maximum and average emission rates of mono-and sesquiterpenes from four chemotypes of Scots pine and Norway spruce. Large differences in emission composition were observed between the individual Scots pine trees, i.e. chemotypes, and between the two evergreen tree species (Fig. 1 ). For the following 15 analysis the ∆-3-carene content of the Scots pine emission has been used to differentiate the four chemotypes (corresponding with the analysis by Bäck et al., 2012) . Strong ∆-3-carene emissions characterized the chemotype 3, non-∆-3-carene emissions were observed from chemotype 1 and intermediate level emissions were measured from chemotypes 2 and 4. Although chemotype 1 emissions contained no ∆-3-carene it 20 nonetheless emitted a suite of monoterpenes and sesquiterpenes comprising α-and β-pinene, β-myrcene, β-phellandrene, limonene, 1,8-cineole, β-caryophyllene and α-farnesene. It is important to note that β-myrcene, a reactive organic trace gas towards ozone and OH (i.e., Atkinson and Arey, 2003) , has not been previously identified due to its coelution with β-pinene in most of the chromatographic analysis to date. Interest- for more than 32 % of the total mono-and sesquiterpenes. β-Phellandrene was also abundant constituting around 27 % of total mono-and sesquiterpenes. The dominant sesquiterpene was α-farnesene although it accounted for only 1 % of the total monoand sesquiterpenes. Importantly, chemotype 1 (non-∆-3-carene chemotype) showed the strongest fluxes of mono-and sesquiterpenes. The total isoprenoid emission rates 5 from this chemotype ranged between 1.1 and 87 µg g −1 (dw) h −1 with the average of 15 µg g −1 (dw) h −1 . The emission rates of the dominant compound, i.e. β-myrcene averaged alone circa 4.8 µg g −1 (dw) h −1 and ranged between 0.33 and 28.4 µg g −1 (dw) h −1 .
Branch chamber measurement 10
Emission rates from different chemotypes
The mean emission rate of α-farnesene was close to 189 ng g −1 (dw) h −1 . It should be noted that the extent to which this chemotype impacts the ambient measured mixing 10 ratios is also a function of its population distribution around the site. Based on the population-level study by Bäck et al. (2012) , the SMEAR II stand is dominated by the carene chemotype trees, whereas in the surrounding stands the non-carene type is more abundant. This had an impact on the measured atmospheric levels at the site, which were mainly dominated by α-pinene, carene being clearly smaller and the sec- ond most abundant compound (Bäck et al., 2012) . Among the Scots pine chemotypes, chemotype 2 was the second in terms of the overall emission strength. The emission rates of total mono-and sesquiterpenes fall in the range of 0.5 to 9.2 µg g −1 (dw) h −1 and average 3.5 µg g −1 (dw) h −1 . α-pinene (sum of (+)-and (−)-enantiomers), ∆ 3-carene and β-pinene were the major species with 40 %, 20 24 % and 21 %, respectively. It is interesting to note that high β-pinene fluxes were only observed in this particular chemotypic tree, with an average of 0.6 µg g −1 (dw) h −1 . Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | from the same site (Tarvainen et al., 2005; Hakola et al., 2006) , where the maxima caryophyllene emissions from an intact shoot were at the range of 150 ng g
The emission of ∆-3-carene, α-pinene and β-pinene with 21 %, 19 % and 8 %, respectively, made up almost all the remaining of total mono-and sesquiterpene emission. Chemotype 3 or the ∆-3-carene chemotype, was the weakest emitter of mono-5 and sesquiterpenes. The emission rates of total mono-and sesquiterpenes ranged between 231 to 2828 ng g −1 (dw) h −1 and averaged 976 ng g −1 (dw) h −1 . The average emission rates of the dominant compound, i.e. ∆-3-carene was 374 ng g −1 (dw) h −1 , which falls within the same range as those reported for this compound and from the same class of chemotype monitored during the same period (July) by Hakola et al., order of magnitude higher than the ∆-3-carene chemotype, the abundance and distribution of this Scots pine chemotypic individual is of great importance for the atmospheric chemistry at the site. As Bäck et al. (2012) have reported, a high proportion of this chemotype in the surrounding forest affects atmospheric chemistry and especially the OH concentrations and thus should be taken into account in chemistry modelling.
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The strong chemotype effect manifested in high emission rates could possibly reduce the reported large difference between measured and modelled OH reactivity at the site (Mogensen et al., 2011) and further affect the assessment of aerosol formation.
As will be discussed in Sect. 3.2 related to the ambient atmospheric measurements, the published above-canopy concentrations at the site have been dominated by ∆-3-carene and α-pinene, with some sabinene, limonene and 1,8-cineole (Hakola et al., 2003 (Hakola et al., , 2009 , while β-myrcene was present only at low concentrations. This is in contrast with our finding namely strong emissions of myrcene from chemotype 1. This apparent discrepancy can be understood as ∆-3-carene and β-myrcene have distinctly different lifetimes in the atmosphere for reactions with OH (1.6 h for ∆-3-carene and 15 39 min for β-myrcene) and O 3 (11 h for ∆-3-carene and 50 min for β-myrcene) (i.e., Atlkinson and Arey, 2003) . The high fluxes of β-myrcene measured on the branch scale from chemotype 1 are much more rapidly oxidised in the atmosphere due to the reaction with OH radicals and ozone, and therefore measurements of myrcene from above canopy are rendered difficult due to dwindling concentrations. Nonetheless large dis-20 crepancies between the measured branch scale emission patterns and above-canopy concentrations possibly indicate that measurements of emissions on the individual tree scale are insufficient to characterize the interactions at stand, population or footprint scale.
The large variation in tree-specific emission patterns influences the overall stand-25 level emission fluxes and thus the aerosol formation processes are expected to be also affected. Since the emission measurements commonly are made from one or a few trees, the representativeness of these to the stand-level air chemistry is highly questionable, especially as the emission magnitude also seems to largely vary with chemotype. More comprehensive measurements and population-level studies are needed to upscale from leaf level to stand or regional level emissions.
Diel cycles in direct plant emission
Diel cycles of the dominant monoterpenes in chemotypes 3 and 1 with both PAR (photosynthetically active radiation) and temperature are displayed in Figs. 2a, b and 3a, b, 5 respectively. Although not clearly observed, the trends of monoterpene emission rates followed to some extent the variations of light and temperature. It seems from these profiles that temperature is the dominant driver for the emission of monoterpenes as it more closely corresponds to the observed variations. In Scots pine the majority of synthesized monoterpenes are stored in resin ducts within the needles (Ghirardo et al., 10 2010, and references therein), although more than half of the emissions can originate from de novo synthesis at a given time. Traditionally it has been suggested that emissions are physically controlled by temperature through the process of evaporation or diffusion. As the monoterpene fluxes from the different chemotypes were not examined in parallel it is not possible to compare the temporal trends of isoprenoid emission from 15 each chemotype throughout the campaign. However, if we consider chemotype 1 for which the emission was monitored through periods of low and high temperatures, we can see clearly how strongly the increase of temperature affected the emission of isoprenoids. The total isoprenoid emissions easily reached some 87 µg g −1 (needle dry weight) h −1 . This huge amount was likely due to the unusually high boreal summer 20 temperatures. The increase in temperature induced not only increases in monoterpene flux rates but also a change in the chemical composition. For example the flux of α-farnesene, which was close to the detection limit at low temperature, increased substantially as temperature rose. The thermoprotection hypothesis has so far been studied mainly in laboratory conditions with Mediterranean species such as Quercus temperatures. Therefore not only flux rates but also composition changes in boreal forest emissions at higher temperatures must be considered when assessing future boreal climate warming impacts, in particular when assessing feedbacks due to the formation of secondary organic aerosol and consequent influences on the intensity of PAR. (Persson et al., 1993) . The enan-
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tiomeric composition was also found to change from more (−)-enantiomer (α-pinene and limonene) in the younger parts to more (+)-enantiomer in the older parts (Persson et al., 1993) . However, these studies do not reflect the natural emission of plants to the atmosphere because of the damage to the plant tissues caused by sampling which leads to a drastic change in both chemical composition and enantiomeric distribution of 20 emitted terpenes. Indeed, large changes in branch emissions of terpene enantiomers have been reported when mechanical stress is applied (Yassaa et al., 2007) . The present study represents the first intensive investigation on the chirality of monoterpenes present in both direct plant emission and ambient air in the boreal forest. Whereas direct emissions from chemotype 1 and chemotype 2 showed to be exclusively present as (−)-β-pinene in the emission of all four chemotypes. In contrast, Norway spruce exhibited a strong preference for the (−)-enantiomeric form in both α-and β-pinene (on average (−)-α-pinene was 9 times higher than (+)-α-pinene and (−)-β-pinene was 3 times higher (+)-β-pinene). These chiral characterizations underline that not only the chemical composition is distinct between the four chemotypic trees but 5 also the stereochemistry of emitted monoterpenes. This also suggests that the chemical composition and enantiomeric emission preference are genetically controlled. While the diel cycles of (+)-and (−)-α-pinene emitted from the four individual chemotypic trees of Scots pine did not reveal any clear profile with light and temperature, those determined in the emission of Norway spruce are particularly interesting (Fig. 4) .
Whilst (+)-α-pinene fluxes remained stable over time, (−)-α-pinene showed a distinct Gaussian shaped profile and peaked between 16:00 and 18:00 LT. The maximum (−)-α-pinene emission rates appear to be following the PAR level with a small delay. This suggests that the (−)-α-pinene is synthesized in a light dependent process, whereas the steady levels of (+)-α-pinene imply that these emissions originate from permanent 15 storage in resin ducts, and are less influenced by incident light levels. Figure 5 presents the overview of the main Biogenic VOCs measured by TD-GC-MS from 13 July to 10 August 2010. The data points represent the middle of the sampling 20 period. The short data gaps were caused by blanks and calibration measurements and the larger ones were due to power failures at the station caused by thunderstormassociated lightning.
Measurement of ambient air
Temporal variation of VOCs
In Fig. 5 , (±)-α-pinene, ∆-3-carene, (±)-β-pinene and isoprene are shown. These were found to be the most abundant biogenic compounds measured in ambient air the predominant compounds were ∆-3-carene and α-pinene with approximate relative contributions of 20-45 % and 35-60 % of the total observed monoterpenes, respectively. ∆-3-carene ranged from 5 pptv to 1.4 ppbv, (−)-α-pinene from 7 pptv to 0.5 ppbv, and (+)-α-pinene from 9 pptv to 1.5 ppbv. Both enantiomers of α-pinene and β-pinene were detected during the measurement period. Interestingly the mixing ratios of (+)-
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α-pinene were always higher than the (−)-enantiomer whereas the (−)-β-pinene was always overwhelmingly higher than the (+)-β-pinene enantiomer. The median values were for ∆-3-carene 35 pptv, (−)-α-pinene 27 pptv, (+)-α-pinene 39 pptv, (−)-β-pinene 20 pptv and isoprene 56 pptv. Isoprene mixing ratios, which were higher at the beginning and the end of the campaign, ranged from a few pptv to more than 600 pptv.
It is worth emphasizing that the spectrum of compounds present in ambient air is a function of the emission rate from the surrounding forest ecosystem, the reactivity of the chemical, and the distribution of the above described Scots pine chemotypes relative to the measurement point. For example, although myrcene is strongly emitted by chemotype 1 its high reactivity with respect to OH and O 3 causes that it is not detected 15 in ambient air. The photochemical products of myrcene, however, likely contribute to the high missing reactivity determined at the site (Nölscher et al., 2012).
Diel cycles of VOCs in ambient air
The diel cycles of selected biogenic VOCs measured during the HUMPPA-COPEC campaign are shown in Fig. 6 . The blue dots illustrate the median value of the mixing 20 ratio, the open triangle represents the mean value, the upper and lower bars represent the maximum and minimum value and the box top and bottom show the percentile of 75th and 25th, respectively.
All the monoterpenes follow a similar trend: a slow decrease of the mixing ratios starts in the morning around 08:00 towards the daytime with the minimum around monoterpenes as a function of temperature and light (Guenther et al., 1997; Tarvainen et al., 2005) the maximum ambient concentrations were observed at night. This apparent paradox is due to increases in the boundary layer height and turbulence as well as in the primary atmospheric oxidant OH by day. Although the emission fluxes from the boreal forest are certainly higher by day (high light and temperature), the bound-5 ary layer into which they are mixing is some 15 times higher by day (ca. 1500 m) than by night (ca. 100 m). This and the attenuating effect of the OH reaction on concentration by day lead to the observed diel cycle. Isoprene had a different diel trend from the monoterpenes: there was a slow increase in concentration around 5:00, a small peak around 07:00 is apparent and then a second larger peak occurred in the after-10 noon around 19:00. Thereafter it decreased until midnight and remained stable the whole night. Previous studies have shown that spruce and aspen are strong isoprene emitters (Janson and De Serves 2001; Hakola et al., 2000) and that light is the primary driver for isoprene emission (Guenther et al., 1995) . Generally, the temperature reached its maximum around 15:00 and the maximum radiation levels observed were 15 from 11:00 to 14:00. The two peaks observed in isoprene (07:00 and 19:00) may be explained by variation in the boundary layer height and the unusually long daylight time in the boreal summer. Illumination of the tree by the early morning sun (sunrise 04:00) may instigate isoprene emission before the rise of the boundary layer. Likewise under these conditions the sunlight may persist after the boundary layer has formed in the 20 evening. In both cases emissions would occur into a shallow boundary layer and give rise to a peak in concentration.
Chiral distribution in ambient air
The enantiomeric signature of monoterpenes in the atmosphere was determined for the first time in a Boreal forest during the Biosphere Aerosol Cloud Climate Interac- campaign with a jet aircraft measurements of enantiomeric monoterpenes over a pristine rainforest conducted under GABRIEL campaign (Guyanas Atmosphere-Biosphere exchange and Radicals Intensive Experiment with the Learjet, 2005) , it has been established that distinct regional chiral signatures exist, and that ambient mixing ratios of the α-pinene enantiomers always favours (+)-α-pinene over the boreal forest and (−)-α-5 pinene over Amazonia (Williams et al., 2007) . The present results from the HUMPPA-COPEC campaign are in agreement with this previous study, although it should be noted that the measurements were made at the same site albeit at a different time of the year. Previous measurements in temperate forests show strong winter/summer enantiomeric variation (Song et al., 2012) . The summertime average ratio of (−)/(+)-α-pinene found during HUMPPA-COPEC was 0.7 and the (+)-enantiomer exceeded (−) in all samples.
Comparing the aforementioned measurements from branch cuvette enclosures of the four different chemotypic species, the dominance of the emissions from the chemotype 3 is reflected not only by the abundance of ∆-3-carene in the atmosphere but also 15 by the enantiomeric preference for (+)-α-pinene. This suggests that chemotype 3 with high content of ∆-3-carene and enantiomeric preference for (+)-α-pinene remains the most dominant Scots pine chemotype in the Hyytiälä forest environs and the emissions from other chemotypes, despite giving rise to different chemical compositions, and chiral distributions are overwhelmed by the prevalence of ∆-3-carene chemotype. In 20 other words, the population dominance of chemotype 3 more than compensates for its weaker emission relative to chemotype 1. This is in agreement with Bäck et al. (2012) who concluded that the SMEAR II site is dominated by the carene chemotype.
Interestingly, from the HUMPPA-COPEC dataset we can see that unlike α-pinene, the ambient concentrations of β-pinene showed a reverse enantiomeric distribution. In 25 this case the (−)-β-pinene enantiomer dominates throughout the dataset. The (+)-β-pinene enantiomer was often below detection limit suggesting that a more stereoselective mechanism is governing its production. This is supported by the results obtained in all the branch chamber measurements where the emissions from the four chemotypes of Scots pine and Norway spruce were largely dominated by (−)-β-pinene. Previous experiments highlighted that the damage to the needles of the Scots pine induced higher ratios of the (+)-enantiomer of α-pinene (Yassaa and Williams, 2007) . This finding has proved useful in identifying the events of high emissions from a nearby 5 sawmill (Eerdekens et al., 2009 ). In our data, this influence manifested itself as unusually high concentrations of monoterpenes and as a clear enrichment of (+)-α-pinene over its (−)-α-pinene enantiomer. These events were also associated with a southeasterly wind direction corresponding to the bearing of the mill from the site. Figure 7 shows the mixing ratios of both α-pinene enantiomers and their ratio for the 2010 HUMPPA-10 COPEC campaign. On several occasions the peak concentrations are associated with enantiomeric ratio enrichments. These events (e.g., in the period 3 August 21:00-4 August 00:00) did coincide with short episodes of southeasterly winds suggesting that on this campaign sporadic influences of the sawmill on the dataset have been detected. Figure 8 shows the diel cyles of (−)-enantiomer enrichment, which is calculated as 15 enantiomeric excess following the formula:
As shown in Fig. 8 , (+)-α-pinene was dominant in the enantiomeric composition with the enrichment over 50 % all the time, however, (−)-α-pinene did show a distinct increase through the day peaking around 11:00 to 14:00. As previously mentioned it 20 has been established that monoterpenes are emitted from resin ducts, which means the temperature controls their volatilization from storage pools inside the leaf (Ciccioli et al., 1997; Guenther et al., 1993) . However, several studies have reported that both light and temperature control terpenoid emissions other than isoprene from Scots pines (Shao et al., 2001; Komenda et al., 2003; Bäck et al., 2005; Ghirardo et al., 2010) . As or two hours for the (−)-enantiomers enrichment peaks every day compared with the maximum radiation. This reflects two things: first, the temperature regulates the volatility and diffusion of already existing monoterpenes in the leaf. Secondly, especially the biosynthesis of (−)-α-pinene is dependent of light levels, which either activate the synthase enzymes, or provide the necessary energy for biosynthesis, or most likely, both.
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The time delay between light maximum and emission peak reflects the time constant of the biosynthesis process. This is the first time that biosynthesis of monoterpene molecules has been directly connected to light levels in field conditions. With regards to ozone, the correlation is not very high. Recently, laboratory studies have shown that ozone reacting with enantiomers on a surface can cause an abiologi-10 cal enrichment (Stokes et al., 2009 ). However, these field measurements appear to not support that this mechanism is significant in the field.
As mentioned in the results from the branch enclosure experiments (Sect. 3.1.2), the emissions from Norway spruce, the second most common tree species after Scots pine, manifested a reverse enantiomeric preference for α-pinene where (−)-enantiomer 15 was 9 times more enriched than (+)-enantiomer. Furthermore, it showed a diel cycle where (−)-α-pinene peaked around 16:00 and 18:00 and (+)-α-pinene remained constant over the time. It could be that the diel cycle in the ambient air enrichment of (−)-α-pinene shown in Fig. 8 is a combination of the temperature and radiation effects and a contribution from the emission of spruce even though the peaks in the direct spruce 
Conclusions
Organic trace gases in the summertime Boreal forest environment were characterized during the HUMPPA-COPEC 2010 campaign at the Hyytiälä SMEAR II station from 12 July until 12 August as direct plant emissions using branch enclosures and SPME-GC-MSD, and in ambient air by means of online TD-GC-MS.
5
The measurement of direct plant emission confirmed the existence of specific chemotypes of Scots pines: a ∆-3-carene chemotype; a non-∆-3-carene chemotype and intermediate chemotypes. The non-∆-3-carene chemotype showed the strongest emission of terpenes (15 times higher than the ∆-3-carene chemotype). A novel finding was that a high emission of β-myrcene and β-phellandrene was detected from Scots 10 pine branches, not commonly measured at the SMEAR II site before. Chemotypic diversity was found to affect not only the chemical composition of emitted terpenes but also their stereoisomery. While the ∆-3-carene chemotype manifested strong preference for (+)-α-pinene, the non-∆-3-carene chemotype was a racemate for α-pinene. All chemotypes emitted almost exclusively (−)-β-pinene. Norway spruce showed strong 15 preference for (−)-enantiomers for both α-pinene and β-pinene.
The unusual high boreal summer temperatures were accompanied by relatively high fluxes of terpenes and great diversity in the chemical compositions.
The total ambient monoterpenes (including α-pinene, ∆-3-carene, β-pinene and β-myrcene) measured above the canopy during the campaign varied in mixing ratio from 20 a few pptv to over one ppbv. The main biogenic BVOCs measured above the canopy were α-pinene and ∆-3-carene and these two compounds together contributed more than 50 % of the total monoterpenes. Isoprene mixing ratios were also detected during the summer campaign. The measurement of the chirality in the atmosphere showed predominance of (+)-α-pinene over the entire campaign which is in keep with the pre-25 vious study at the same site (Williams et al., 2007) . This also suggests that ∆-3-carene chemotypes of Scots pine, which emit preferentially (+)-α-pinene, are dominant and more widespread in the vicinity of Hyytiälä. Interestingly, (−)-enantiomer of β-pinene Introduction
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